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I. INTRODUCTION 
The r e sea rch  i n  p rogres s  under t h i s  g r a n t  (NASA Grant NGR-43-001-018) 
c o n s i s t s  of an exper imenta l  and t h e o r e t i c a l  i n v e s t i g a t i o n  of  t h e  r e l a t i o n s h i p  
between t h e  l o c a l  a tomic arrangements i n  metal l ic  s o l i d  s o l u t i o n s  and t h e  
p h y s i c a l ,  mechanical,  and thermodynamic p r o p e r t i e s  o f  t h e  s o l i d  s o l u t i o n s .  
The p r e s e n t  r e p o r t  o u t l i n e s  the s t a t u s  of our  r e sea rch  r e l a t i v e  t o  t h e  l o c a l  
a tomic arrangements i n  Ni-Pd a l loys .  
du r ing  t h e  pe r iod  September 1, 1966 t o  February 28, 1967. 
Much of t h i s  r e sea rch  w a s  conducted 
. 
The Ni-?d system h a s  gene ra l ly  been regarded as forming a complete 
series of s o l i d  s o l u t i o n s  i n  which no s u p e r l a t t i c e s  o r  i n t e rmed ia t e  phases  
are formed (1). 
system is  t h e  x-ray d i f f r a c t i o n  work of Hultgren and Zapffe  ( 2 )  on Ni-Pd 
a l l o y s  annealed a t  low temperatures .  They could f i n d  no evidence i n  t h e i r  
Debye-Scherrer p a t t e r n s  f o r  t h e  ex i s t ence  o f  o rde r ihg  o r  f o r  a m i s c i b i l i t y  
gap which had been suggested by Fraenlcel and S t e r n  (3) .  
The evidence f o r  theabsence  of s u p e r l a t t i c e s  i n  t h e  
I n  r ecen t  y e a r s ,  however, s e v e r a l  Russian i n v e s t i g a t o r s  (4,5,6,7,8,9,10) 
have noted anomalous e l e c t r i c a l  and magnetic behavior  a t  t h e  s t o i c h i o m e t r i c  
composi t ions NiPd 
s u p e r l a t t i c e s  a t  t h e s e  compositions. I n  a very  r e c e n t  paper (ll), Akira  
Nagasawa a l s o  claimed t h e  ex i s t ence  of s u p e r l a t t i c e s a t N i P d 3  and N i  Pd 
based  on evidence obta ined  through an e l e c t r o n  d i f f r a c t i o n  s tudy  of t h i n ,  
vapor  depos i t ed ,  Ni-Pd f i lms .  
and X i  Pd which they  a t t r i b u t e  t o  t h e  e x i s t e n c e  of 3 3 
3 
Furthermore,  t h e  r e l a t i v e  thermodynamic p r o p e r t i e s  of Ni-Pd a l l o y s  
have been measured by Bidwell  and S p e i s e r  (12) i n  t h e  temperature  range 
700-1200°C. I n  o r d e r  t o  assess t h e  c o n f i g u r a t i o n a l  c o n t r i b u t i o n  of  t h e  
mixing process  i n  Ni-Pd a l l o y s ,  the  magnet ic ,  e l e c t r o n i c ,  and la t t i ce  
1 
2 
. 
v i b r a t i o n a l  c o n t r i b u t i o n s  t o  t h e  thermodynamic p r o p e r t i e s  were taken  
i n t o  account ,  and crudely  es t imated .  A f t e r  s u b t r a c t i n g  t h e s e  non-configura- 
t i o n a l  c o n t r i b u t i o n s ,  t h e  remaining excess  en t ropy  and en tha lpy  of  mixing 
were nega t ive  and asymmetric toward t h e  Pd-r ich end. 
t h e s e  q u a n t i t i e s  are i n t e r p r e t e d  i n  terms of  quasichemical  theory ,  Ni-Pd 
They concluded t h a t ,  i f  
a l l o y s ,  p a r t i c u l a r l y  Pd-rich s o l u t i o n s ,  possess  short-range o r d e r  a t  
e l e v a t e d  temperatures  and poss ib ly  long-range o r d e r  a t  low temperatures .  
In  o r d e r  t o  o b t a i n  a more d i r e c t . a n d  q u a n t i t a t i v e  v e r i f i c a t i o n  of 
t h e  r e s u l t s  suggested by Bidwell  and S p e i s e r ' s  i n t e r p r e t a t i o n  of t h e i r  
thermodynamic d a t a  and t o  ga in  a more complete understanding of  t h e  l o c a l  
a tomic arrangements and t h e i r  r e l a t i o n  t o  t h e  p h y s i c a l  and thermal  
p r o p e r t i e s  of  Ni-Pd a l l o y s ,  measurements of t h e  d i f f u s e  x-ray s c a t t e r i n g  
from t h r e e  Ni-Pd s i n g l e  c r y s t a l s  were c a r r i e d  ou t .  
s u r p r i s i n g  i n  t h a t  t h e  expected s u p e r l a t t i c e s  and shor t - range  o r d e r  were 
The r e s u l t s  were very 
n o t  observed.  
11. EXPERIMENTAL PROCEDURE 
Three Ni-Pd s i n g l e  c r y s t a l s  w i t h  compositions corresponding 
approximately t o  25, 50, and 75 a t .  X Pd were grown by t h e  Bridgman 
t echn ique  using 
The c r y s t a l s  were grown wi th  growth rates of t h e  o r d e r  of  1-inch p e r  hour 
i n  a vacuum of approximately t o r r ,  and they were subsequent ly  
homogenized by hold ing  them f o r  approximately 100 hours  a t  1 1 O O * C .  
meta l log raph ic  and x-ray d i f f r a c t i o n  evidence (Debye-Scherrer p a t t e r n s  of 
t h e  equipment descr ibed  i n  a p rev ious  s t a t u s  r e p o r t  (13) .  
Both 
f i l i n g s  and Laue patterns) ind ica t ed  t h a t  no macroscopic. s eg rega t ion  o r  
c o r i n g  remained i n  t h e  c r y s t a l s  a f t e r  t h e  homogenization t r ea tmen t .  
I -  
. 
- . . . . .  
- .  
3 
The o r i e n t a t i o n s  of t h e  c r y s t a l l o g r a p h i c  axes  were l o c a t e d  by t h e  
back- re f l ec t ion  Laue technique  and l /S-inch t h i c k  d i s c s  were c u t  from t h e  
c r y s t a l s  w i th  an approximately (210) f ace .  These d i s c s  were h e a t  t r e a t e d  
and me ta l log raph ica l ly  pol i shed  p r i o r  t o  mounting on t h e  x-ray d i f f r a c t o -  
* .  meter i n s i d e  a c r y o s t a t  and vacuum chamber. 
D i f fuse  s c a t t e r i n g  measurements were made us ing  CuKa r a d i a t i o n  
monochromated by a doubly bent  LiF c r y s t a l  and Ni-Co balanced f i l t e r s .  The 
i n t e n s i t y  was counted f o r  60 seconds wi th  each f i l t e r  a t  p o i n t s  on t h e  
hlh20 p l ane  of r e c i p r o c a l  space separa ted  by 2 degrees  i n  28 and X .  
NaI s c i n t i l l a t i o n  counter  equipped w i t h  pulse he igh t  d i s c r i m i n a t i o n  de tec t ed  
An 
t h e  r a d i a t i o n  s c a t t e r e d  from t h e  specimen. 
The i n t e n s i t y  measurements were converted t o  a b s o l u t e  u n i t s  by 
comparison w i t h  t h e  i n t e n s i t y  s c a t t e r e d  from po lys ty rene ,  C a H g ,  a t  a 
s c a t t e r i n g  a n g l e  28  of 100 degrees .  The Compton s c a t t e r i n g  w a s  a l s o  
c a l c u l a t e d  and s u b s t r a c t e d  from t h e  d a t a .  
111. RESULTS AND DISCUSSION 
Seve ra l  measurements of t h e  d i f f u s e  s c a t t e r i n g  from t h e  Ni-25, 50, 
and 75 at .% Pd c r y s t a l s  were made. 
t ype  of d a t a  c o l l e c t e d  is  presented i n  Table  I. 
A l i s t  of  t h e  sample cond i t ions  and 
I 
Figures  1, 2 ,  and 3 show d i f f u s e  i n t e n s i t y  d i s t r i b u t i o n s  on t h e  
hlh20 plane  of r e c i p r o c a l  space  for t h e  25, 50 and 75 a t .% Pd crystals,  
r e s p e c t i v e l y ,  a f t e r  t h e s e  c r y s t a l s  were fu rnace  cooled under vacuum from 
1100'C. These measurements correspond t o  cond i t ions  a ,  d ,  and g i n  Table  I. 
. .  
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The d i f f u s e  i n t e n s i t y  d i s t r i b u t i o n s  of F ig . ' s  1, 2 ,  and 3 are 
8 
n e a r l y  t h e  same, a f a c t  which impl ies  t h a t  t h e  t h r e e  a l l o y s  have s imi la r  
s t r u c t u r e s .  The main d i f f e r e n c e s  between t h e  t h r e e  f i g u r e s  l i e s  i n  t h e  
occurrence  of a d i s t i n c t  maxlmum i n  t h e  d i f f u s e  s c a t t e r i n g  n e a r  t h e  
(1.4,0,0),  and (2 ,2 .4 ,0 )  p o s i t i o n s  i n  Fig.  2 ,  while  on ly  a gradua l  i n c r e a s e  
i n  t h e  i n t e n s i t y  is  observed i n  F ig . ' s  1 and 3 as t h e  Bragg peaks are 
approached. 
The e f f e c t s  of t h e  h e a t  t rea tments  i n v e s t i g a t e d  so  f a r  were s l i g h t .  
No s i g n i f i c a n t  change i n  t h e  i n t e n s i t y  d i s t r i b u t i o n  of  F igu re  1 w a s  observed 
due t o  t rea tments  b and c of Table 1, al though t r ea tmen t s  e and f removed 
t h e  d i s t i n c t  maxima occur r ing  a t  t h e  p o s i t i o n s  (1.4,0,0) and ( 2 , 2 . 4 , 0 )  i n  
Fig.  2 ,  making t h e  d i f f u s e  i n t e n s i t y  d i s t r i b u t i o n  a f t e r  t r e a t n e n t  e and f 
appear  more like t hose  i n  Fig.'s 1 and 3. 
A schematic  r e p r e s e n t a t i o n  i s  presented  i n  Fig.  4 of t h e  d i f f u s e  
i n t e n s i t y  d i s t r i b u t i o n  throughout r e c i p r o c a l  space  and as i n f e r r e d  from t h e  
two-dimensional da t a .  It i s  apparent  from t h i s  f i g u r e  t h a t  t h e  small peaks 
n e a r  t h e  (110) and (310) p o s i t i o n s  i n  F ig . ' s  1, 2 ,  and 3 are caused by t h e  
i n t e r s e c t i o n  wi th  t h e  h h 0 p lane  of t h e  f o o t b a l l  shaped i n t e n s i t y  lobes  
ex tending  down from t h e  (111) and (311) Rragg peaks.  
There is no evidence i n  Fig.'s 1, 2, o r  3 f o r  any peaking of t h e  
d i f f u s e  i n t e n s i t y  a t  p o s i t i o n s  such as ( l o o ) ,  (210) o r  (300) a l though t h e  
i n t e n s i t y  is no t  n e g l i g i b l e  a t  these  p o s i t i o n s  due t o  ove r l ap  of t h e  maxima 
cen te red  nea r  (1 .4 ,0 ,0)(2,1.4,0)  and (3.5,OkO). These f a c t s  would seem t o  imply 
t h a t  t h e  s c a t t e r i n g  is  n o t  due t o  short-range o r d e r ,  since even a s l i g h t l y  
e 
00 
( 
000 u 200 ' .  
222 
) 
220 
Fig. 4. Schematic representation of  the d i f f u s e  intensity 
distribution in three-dimensional reciprocal space 
for Ni-Pd single crystals. 
.. - 
, ’  
.C 
. .  
10 
I 
nega t ive  v a l u e  of t h e  f i r s t  neighbor l o c a l  o r d e r  parameter ,  a 110’ would 
produce weak d i f f u s e  maxima of equal  i n t e n s i t y  a t  a l l  p o s i t i o n s  of mixed 
(odd and even) ind ices .  
Assuining t h a t  t h e  d i f f u s e  s c a t t e r i n g  d i s t r i b u t i o n s  shown i n  t h e s e  
f i g u r e s  are n o t  due t o  sho r t - r ange  o r d e r ,  what could b e  t h e i r  o r i g i n ?  
I n  g e n e r a l  w e  may say  t h a t  a l a r g e  atomic s i z e  e f f e c t ,  o r  c l u s t e r i n g ,  o r  
both could cause t h e  nodu la t ions  of t h e  i n t e n s i t y  observed on t h e  d a t a  of 
F ig . ’ s  1, 2 ,  arid 3 .  
Furthermore,  only t h e  atomic s i z e  e f f e c t  can produce an asymmetric 
d i s t r i b u t i o n  about a Bragg peak such as is  observed about t h e  (200). Thus 
t h e r e  is  d e f i n i t e l y  a l a r g e  atomic s i z e  e f f e c t  i n d i c a t e d  by t h e  d a t a .  
is  n o t  l i k e l y ,  however, t h a t  t h e  d i s t r i b u t i o n s  are caused by t h e  s i z e  e f f e c t  
a l o n e  due t o  t h e  f a c t  t h a t  t h e  d i f f u s e  s c a t t e r i n g  a c t u a l l y  peaks a t  p o s i t i o n s  
such as (1 .4 ,0 ,0 ) ( in  t h e  case of  F ig .  2 ) .  
It 
The fo l lowing  model q u a l i t a t i v e l y  e x p l a i n s  t h e  i n t e n s i t y  d i s t r i b u t i o n  
i l l u s t r a t e d  by Fig .  4. The Ni-Pd s o l i d  s o l u t i o n s  c o n t a i n  composition 
modulat ions a long  <loo> d i r e c t i o n s .  This  i s  a form of c l u s t e r i n g  i n  which 
a Ni-r ich r eg ion  p a r a l l e l  t o  a { loo)  type  p lane  i s  followed by a p a r a l l e l  
Pd-rich reg ion  and etc. 
dimensional  r a t h e r  than three-dimensional (such as might be p red ic t ed  f o r  
s p i n o d a l  decomposition ( 1 4 ) ) .  This  s ta tement  i s  based on t h e  f a c t  t h a t  
110 harmonics of t h e  composition modulation would r e s u l t  i n  i n t e n s i t y  maxima 
The composition modulat ions appear  t o  be one- 
near t h e  (1.4,0.6,0) and (1.4,1.4,0)  p o s i t i o n s  i f  t h e  composition modulation 
were three-dimensional .  The absence of i n t e n s i t y  peaks a t  t hese  p o s i t i o n s  
i n d i c a t e s  t h a t  t h e  modulations a r e  probably one-dimensional. The c r y s t a l  
may be thought  of as subdivided i n t o  t h r e e  types  of domains. Within each 
.. . .  
I domain t h e  composition nodu la t e s  a long a s p e c i f i c  [ l o o ]  d i r e c t i o n ;  domains 
11 
i n  which composition modulations occur  a long  [ l o o ] ,  [OlO], o r  [ O O l ]  occur  
wi th  approximately equa l  p r o b a b i l i t y .  
occu r s  and i s  re spons ib l e  f o r  theasymmetric i n t e n s i t y  d i s t r i b u t i o n  about  
t h e  Bragg r e f l e c t i o c s .  
I 
A l a r g e  atomic s i z e  e f f e c t  also 
The exact n a t u r e  o f  t h i s  s i z e  e f f e c t  i s  n o t  y e t  clear.  
Based on t h e  p o s i t i o n  of  t h e  d i f f u s e  maxima i t  is  p o s s i b l e  t o  estimate 
t h e  average  wavelength of (he composition modulations a long  t h e  (1001 d i r e c t i o n s .  
Th i s  estimate g ives  an  average  wavelength of about  6.2 A f o r  t h e  slow cooled ,  
0 
Ni-50 a t .% Pd c r y s t a l .  This  means t h a t  on t h e  average  t h e r e  are  about  
1.67 Ni-rich (100) p l anes  followecl by 1.67 Pd-rich (100) p l anes  i n  t h e  
composition modulation. The o t h e r  compositions and h e a t  t r ea tmen t s  appear  t o  
have modulations of somewhat' longer  wavelength s i n c e  t h e  d i f f u s e  maxima are 
somewhat n e a r e r  t h e  Rragg peaks. However, i t  is d i f f i c u l t  t o  s ay  p r e c i s e l y  
what t h e  wavelengths are i n  t h e s e  c a s e s  because t h e  d i f f u s e  maxima ove r l ap  
so s t r o n g l y  wi th  t h e  Bragg r e f l e c t i o n s .  A t  t h e  p re sen t  t i m e  w e  have made 
no estimates of t h e  ampli tudes of t h e  composition modulations.  
Some e l ec t r i ca l  r e s i s t i v i t y  measurements have been made on a l l o y s  
con ta in ing  25, 50 and 75 at .% Pd. A s  shown i n  F ig .  5 t h e s e  measurements 
i n d i c a t e  t h a t  t h e  r e s i s t i v i t y  of p rev ious ly  annealed Ni-Pd a l l o y s  i n c r e a s e s  
w i t h  co ld  work; i . e . ,  t h e r e  is no K-state formation i n  these  a l l o y s .  Hence 
t h e  c l u s t e r i n g  e f f e c t s  observed i n  t h e s e  a l l o y s  do n o t  lead t o  K-state 
behavior .  
Furthermore,  t h e  observed cl .usterinp, behavior  t o g e t h e r  w i th  t h e  
quas ichemica l  theory  p r e d i c t s  a p o s i t i v e  hea t  of mixing ( f o r  t h e  configu- 
r a t i o n a l  p a r t ) .  
i n t e r p r e t a t i o n  of t h e i r  thermodynamic da ta .  
This  r e s u l t  does n o t  ag ree  wi th  Bidwell  and S p e i s e r ' s  (12)  
We plan  t o  cons ide r  t h e  
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Fig. 5. Resistivity as a function of cold work for Ni-Pd alloys. 
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I C  implications of these results more fully at a later date, after a quantitative 
separation of the diffuse scattering into its component parts. 
The differences between our results and those of Nagasawa (11) deserve 
investigation. We plan t o  investigate these differences by thinning some 
of our bulk samples and examining the electron diffraction from them in the 
electron microscope. It may be that the results obtained by Ragasawa are 
peculiar to Ni-Pd alloys forned by vapor deposition. 
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